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EXPERIMENTAL PROSPECTS FOR OBSERVING FAMILY-NUMBER VIOLATING
DECAYS*

MARTIN D.COOPER

Los Alamos National La&vato~, Los Alamos, NM 87544

A number of the motivations for experimermdists to undemtke
experiments that test family -nuudxr consemation are dkcussed. A set of
principles for experimental design are stated and illustrated with the example
of the MEGA experiment at LAMPF. The current status and anticipated
prospects for the field are reviewed.

1. Introduction

The search for family violating decays remains an itctive and exciting mea of

exr-timental particle physics. The interest stems from three facts. None of these decays

has ever been seen, leading to an experimentally observed conservation of family number

for which there is neither a reason nor understanding. Secondly, the minimal Standard

Model of electroweak interactions, with massless neutrii,os, forbids these dectiys, Hence,

the obsenmtion of these decays immediately signals new physics beyond the Stand~d

Model, FinalIv, in an experimentally clean environment. the observation of one of these

decays is free of any physics backgrounds that must be theoretically accounted for to

establish the effect.

This pnper is divided into three ports, The opening section will give an

experimentalist’s view of the motivation for searching for these mre decays. The middle

section will give a number of common principles employed in c~ing out these seurches,

illustratedwith examples from my own work on the MEGA expenmentl ut LAMPF, The

closing section will be a sumey of recent and planned experiments,

2. Family-Number Vlol@tlng Doctyo

Probably the best reason for searching for family-number violating decuys is bmwu.xe

they are not there, Furthermore, physicists do not have any special reuson why they ure

not, and they may & discovered at any time,

Onc of the great successes of r.mckm particle physics is the Stundurd Model of

electroweak intertwtions, SU(3)C x SU(2)W x U( I), No experiment to dnte hus

demonstrated a convincing violation of its predictions. This model organizes ull of the

quarks and kpmns inm u kind of periodic Itit)lc Ihut uonmins Ihree fumilies, Despite its



successes, the model does not reveal the origin of the f~milies or the reason why inter-

family transitions are forbidden. Most physicists believe that the understanding of these

mysteries will lead to new physics, The observation of the transitions would be an

important clue as to the reason for the Families.

Looking for the transitions via weak decays has a substtintial advantage because the

long lifetime of the particles gives a big hctor in sensitivity. This idea is easily iliusmdted

by comparing two simply related processes: e+e- + e+~- and ~+ + e+e+e-. Given an

unknown coupling constant for the transition Gx, the ratio of the cross section for the

annihilation to the branching ratio for the decay is approximately Gx%/(Gx2/GF2) = sG#,

where s is the center-of-mass collision energy and GF the Fermi coupling constant. Our

current limit ffx the decuy is 10-12, so that for a value ofs = I@ GeV2, the cross section

for e+e- -) e+y - is less than 4 x 10-46 cmz, That is a value that would daunt even a

neutrino physicist, At a luminosity of 1032/cm2-s, the event rate would be below 10-13/s.

The decay channel is favored by I(F.

If a fumily violating deciiy is observed, it will not be because the standard neutrinos

have a mass, For example, for the decay ~+ + e+y, the branching ratio wmlld be less than

10-20 even if the hetiviest value of 30 MeV is assigned to the tuu neutrino mass, Ruther, the

observation will be due to a more extensive modifkxi[ion of the Standard Model such as the

existence of a new particle of very high rmtss,

For a variety of rewrms, many theoretical physicist htive proposed extensions to the

Standard Model, These extensions include left-right symmetry, more Higgs doublets,

gravity, compositeness of the existing elementary ptirticles, horizontal gouges,

supersymme~, grand unification and so forth, All seem to introduce new particies of moss

greater than 100 GeV, tind unicss explicitly removed, the new pitrticlcs meditite fiimily

transitions, However, each model seems to fitvor certtiin decays over others, und it is

necessary for the experiments to search in all reitsonuble phwes. A convenient way to

organize the predictions is viti the number of weak vertices required for the process to

happen, Figurr 1 demonstrtites the point for the processes p+ -+ e+y und U+ + e+e+e- for

two differctlt extensions, u postuhited very heuvy ncutrino or u horizontal guuge boson, In

the top two diugrurns, ~+ -+ e+e+e- requires un ex:rit wctik intcrttction und is expected to he

ct/2Jt slower thun p+ + e+y, However, if th new phyyics is u horizonttd gituge ix~son, the

sittmtion is reversed, Norrmlly, the lowest order di;lgrtml will huve either two or three

vertices, tmd us will be stu~ed below, this has Icd to two distinct muss scules for ncw

particles that ure being probed,
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Fig, 1, Diagrams for inter-family transitions induced by ei her a heavy ncutrino or iI

horizontal gauge boson, The compu.risen of p + ey and ~ + ccc shows the number O!

weuk vertices varies for different mechanisms,

A simple but important point can be made from the lower-left diagram in Fig, 1, If

one ctilcultitcs the rtite for such u process, the propagator of the intermediate particle will

introduce a term of the form (qz + M~).2, As all these decays are for values of qz neur

zero, the rate will vtiry tis M-4. A little dimensional analysis will convince one thut this

dependence is gencrul, Hence, Ihese experiments ure a hard way to proceed; it tokcs ttmr

orders-of-mugnitudc improvement in o Imnching rutio to search over one order {JI



magnitude in mass. Regardless of the difficulty, the experiments have done very well. In

the field of rare muon decays, the limits on the branching ratio for V+ + e~ has improved

from 0.02 in 1948 to 5 x 10-] I in 1986, and 10]3 is within view. The rate of improvement

rivals the rate at which beam energies in proton colliders has risen in the last 25 years even

considering the MA factor.

As mentioned above, the current limits and future results from experiments in progress

divide into two mass ranges of investigation according to the order of the process, Mtiels

involving left-right symmetry, horizontal gauge bosons, Technicolor, and certain types of

composite structures or Higgs particles are being searched in the 30-400 TeV region by the

decays KL + ye, K+ + n+~e, V+ + e+e+e- and IA-A - e-A. Models employing strings,

supersymmetry, heavy neutrinos, and ~ettain other types of composite structures or Higgs

particles are being investigated at the 30-4(M) GeV mass scale by the decitys M+ + e+y, U+

+ e+yf, and l,L-A + e-A. Searching for such heavy musses is analogous to discovering

beta decay without :mv knowledge of the W boson.

As a closing pure, rates are not the only possible observable. As scmnus one of these

decays is obsetved, the others will receive redoubled effort, The combined knowledge of

the relative sizes of the decays will allow the underlying mechanism to lx isohtted.

Additionally, if it decay is observed, one cm look for other properties such its Ihe

itsyrrmetry, For exitmple, the ~+ + e~ decay has an usymmetry of the positron direction

relative to the muon spin thut will show up once there exkt more t$~n u few events. Most

models predict the sitme cosine dependence us given by V - A, but the string mdel of

Amowitt and Nitth2 gives an opposite usymmettv It will he very useful to bc uble to

cvduate models for a given process uccording 10 UII the eusily observed properties ~’f the

decay.

3. Raro-Decay Exporlmonls

There are ten principles thitt wc almost itlwiIys cmnmon to uII rure-decuy experiments:

1, ‘llte sought for process should huve u clcun e,qxtimenutl sigmtture

2, A large numkr of decuys must be studied.

3. The detector must huve huge solid ungle,

4. The detector must have high cf!icicncyi

S. ~lle dclector must huvc high rite utpubility.

6, The detector must huvc sufficient rcw~lution to suppresstill huckgrounds.

7. There must be u clever uigger.



8. ~edetector should measuma known prwessto prove it works,

9. Thedetector needs to recalibrated.

10. There needs to be a good Monte-C-ulo simulation of the response of the detector.

In the following, these points will be illustrated for the MEGA experiment at LAMPF.

The experimentitl signature (point # 1) for the U+ + e~ decay from a stopped muon is

a positron and a gamma ray that are back-tmback, each of 52,8 MeV, and originate from a

common location in time coincidence. This signature is purely kinematic and hits no

dependence on the nature of the interaction causing the decay.

There arc two possible backgrounds: one is the allowed decuy U+ + C+W, and the

other is the random coincidence between a high-energy positron from nomal muon decay

and a high-energy photon from another source that hitppens to satisfy the kinematic

conditions. Bo?,hmiiy lw eliminitted with it detector of good resolution in the measured

characteristics of the decays. The MEGA experiment hits been designed for resolutions that

make it 20,000 times better itt suppressing backgrounds (point #6) than the previous

Sea.rchsfor the decay. All this is itccomplished with good solid angle and 50-fold increased

rate capability (points #3,#4 and #5). As a result, the experiment is background free, itnd

the bmrwhing-mtio sensitivity Improves linearly with the running time of the experiment, its

opposed to the inverse square root of the running time if backgrounds were present.

The detector is illustrated in Fig. 2. It is conttiined in a solenoiditl mitgnw thitt

produces u magnetic field along the itxis C! the ex~riment. The field confines the positrons

m the central region of [he detector where it spectrome~cr consisting of wire chambers and

scintillators meitsures their prop~rties. Con~entri~ with but outside the positron

spectrometer ~ four ptiir-spectrometers for meitsuting the properties of the photons.

The detector hits been described elsewhere. In brief, to hitve the required rule

capability, the wire chumbers are of u vety speciitl design. They u.reof ballmt construction

with u normul thickness of 3 x lo~ mdiution lengths itnd employ the fust gas CF4. They

must work with greittcr thtin 1($ purticle crossings /mm2-s (point 45), They m probid’dy

the best cxnmple of u detector thut must work in on environment such us will be

experienced tit the SSC. “I”otime, preliminary d,ttu huvc betn titken with these detectors thitt

ugrce quite well with the simuht~ions (point HI()), The piik spectrometer we also of novel

construction :md will be the Iurgest of their kind ever built.

The rnpidly fulling churuclhlic of ~hephoton spectrum mitkcs it sufficient w trigger

the nppurntus for electronic rmiout whcncvcr [here is it photon uhwc .!7 MeV (point 47),

und this criterion cun be identified by progrummtiblc mty logic, The Atttt itrc then



converted to a digital format and stored in FASTBUS modules until the end of the beam

burst. Next it is shipped to a microprocessor fa.m for funher filtration kfom it is stored

for final data amdysis.

1) The solenoidal magnet. 2) TheFig. 2. A cutawuy view of the MEGA apparatus.

tmm 3) Beam line shielding and positron dump 4) The muon-stopping target 5) The

positron wire chtimbers 6) The positron scintillutom 7) ‘l’he photon pair specuometers II)

Veto counters,

Subsidiiuy measurements are made of the m-p + Wi + yyn reaction to ~alihrtite [hc

detector with 55- und lH-MeV photons (point U!)), The positron arm is calibrated hy

showing the cxpe~-lcd Michel spectrum for nomwl muon decny, Before it is conipldr,



more than 1(.)13muon decays will be examined (point IQ). If no candidate satisfying the

full criteria for W+ + e+y is found, a limit for the branching ratio near IO-13 will be set.

The result will & substantiated by showing that the detector observed the expected numlxr

of p+ + e~ events when the criteria are loosened (point W).

The schedule calls for the detector to be partly completed by 1992 and a sensitivity of

1012 to be obtained. The final results should be available after 1993 and 1994 running.

Below, the status of many such experiments will be summarized briefly, but a more careful

examination of each would reveal tha~ most or all of the above points are relevant to their

design and execution.

4. Survey of Current Resltiis and Experlmonta

Essentially every Iubomtory in the world that can work in this field has contributed 10

the results. The present limitJ on the branching ratio I_(p+ + e9)/lly+ + all)< 5.0x l(J-

I I comes from LAMPF. The MEGA experiment discussed above will improve on those

results by more than two orders of magnitude.

Using a time projection chamber, scientists at IIUUMF have established Iimitss cd the

processes r(~-Ti + e-Ti)/r(p-Ti Capture) <4.6 x 1012 and r(p-Ti + e+Ti)/il~-Ti

Capture) < I.7 x 1o-1o.”

At the Paul Scherrer Institute, the SINDRUM I detector, a solenoid filled with

cylindrical wire chambers und scintilliuor iuTitys, has measured the brwwhing ritio6 11~+

+ e+e+e-)~(~+ + e+vv; c I.() x 1()-12. They we building a new detector (SINDRUM 11)

and beam line for the purpose of measuring muon-elec:ron conversion that htis already

yielded the result7 r(~-Ti + e-Ti)/Ily-Ti Capture) c 4,4 x 1()-12, When a new trap for

producing high-intensity y--ktms without pions becomes available, the design predicts u

possible sensitivity of 3 x 10-14.

The Institute for Nuclear Structure is still building their 111~.wnfactory near Moscow.

They huve very umbitious pluns to push the limit on muon-electron conversion~. They will

incorporate the pion-production target into the experiment to get three orders of magnitude

rnor~ muon flux by surrounding the primtq prok)n beum with u supewondu~ting solenoid.

The novel design hus the potentiu! for tin unprecedrnt~d st’nsitivity in the I(l_is to 10.16

range.

Another interesting process, though nut u rure dccuy, is muonium-untimuonium

conversion. It is unique timongst the fluvor-changing prmess by converting the tluvor ot’

b@h the muon and electron by two units of fumily numlxr. The results MWquuted in terms



of the strength of the coupling constant. The current Iimitg comes from LAMPF and is

GM~ <0.16 GF. Making use of the SINDRUM 1detectcir, a new experimentl” hopes for

sensitivity of GM~ < 1(Y3 GF.

In [he absence of a kaon factory, almost all information on the rare-decays of kaons

comes from Brookhaven and KEK. The current Iimitl 1 on r(K+ + @Ue)~(K+ + all) c

2.1 x 10-10, and a new effort is being mounted with a sensitivity of 5 x 10-12. The best

limit 12 on neutral kaon decays is r(KL + ~e)r(KL + all) z 8.5 x 1011. However, the

same group has already taken data with a sensitivity down to 1011, and has proposed a

new experiment with another order of magnitude improvement.

A selected subset of rare-mu-decay branching ratios taken from the particle data Imoklq

are:

r(~+ I,,LWUT+ dl) <5.5x 10-4

r(~+ @/r(T+ all) <2.0 x 10-4

r(t+ pyp)m(t+ all) <2.9 X 10+

r(t+ w)/T(7+ all) <3.3 x 105

r(~+ pee)~(~ + all) <3.3 x 105

r(f+ eee)/T(~ + all) <3,8 X 105

‘llese numlxrs do not challenge the Standard Model at the same level as the rare muon and

kaon decays because of the following argument. Compare the branching ratio for z + ey

tO p + q. The ratio is [r(t+ ey)/117+ all)v[ r(p+ ey)/’Nv + W] = [m + ey)/[IW

+ ey)l sTt/7p = Onlhv) 5 s f(mixing angles) “ %f/tV= 0.19 “ f(mixing angles). The

function of mixing angles is unlikely to be more than a COUP:: of orders of magnitude

different from 1, so the current limit on y + ey is a much more severe constrainton the ~

+ ey branching ratio thitn the experiments assuming there is no special physics that

unnaturally enhances the tau decays,

S, Conclu810n8

Searchingfor family violitting decitys is tin tictive field of experimental endeavor. The

next fcw years promise one to three orders-of-mognitude improvement in many of the

limits. If one believes the probability density for discovery is flat in the exponent of the

branching rtitio, one can ussessthe chmwes for seeing one of these processes in the next

uecode, A pessimist would say it ~ttn be anywhere from the current limits to that induced

by very low-muss neutrinos, soy l()-AO; then the chunces are less thtm lo%. An optimist

would suy that inter- f:~mily transitions ure due to new particles of less than I TcV in mass,



e.g. produced by supersymmetry or string models; then the branching ratios are likely to be

greater than 10-16 and the chances are indeed good, perhaps 50%.
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